Background--We examined the relation between objectively measured physical activity with accelerometry and subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) in a community-based sample.
O besity risk is nearly cut in half in adults who participate in regular moderate-intensity physical activity compared with inactive adults. 1 Importantly, physically active adults across all weight categories (normal, overweight, and obese) have lower risk for adverse outcomes. 2 Physical activity reduces risk of abdominal obesity known to be strongly associated with cardiometabolic risk. 3 Higher levels of self-reported physical activity are associated with lower visceral adipose tissue (VAT) in both younger and older women 4 and with both VAT and subcutaneous adipose tissue (SAT) in men and women. 5, 6 Importantly, randomized trials have demonstrated reductions in visceral fat with moderate amounts of aerobic exercise. 7, 8 Many prior reports are limited by use of self-reported physical activity obtained by questionnaire, which can be hampered by recall bias as well as the inability to accurately quantify physical activity levels. 9 Advances in technology permit objective measurement of physical activity with accelerometers. Compared with accelerometer-measured physical activity, participants self-report more vigorous physical activity and less sedentary time. 10 In a large nationally representative sample, increased physical activity measured with accelerometry was associated with decreased body mass index and waist circumference. 11 Little is known about the relation of accelerometer-measured physical activity duration and intensity and VAT and SAT. In a small study of inactive men and women, physical activity occurring through activities of daily living was not associated with abdominal obesity but sporadic moderate to vigorous physical activity measured with accelerometry was negatively associated with VAT. 12 Cellular characteristics of adipose tissue such as adipocyte size and lipid content, 13 inflammatory response, 14 and reduced oxygenation 15 have been associated with adverse metabolic risk in animal models and humans. A noninvasive measure of fat quality defined with computed tomography imaging Hounsfield Units (HU) in humans has been previously associated with metabolic risk factors, 16 subclinical atherosclerosis, 17 and mortality 18 independent of fat volume. The relation of physical activity to fat quality has not been well studied.
The aim of the present study was to examine the relation between objectively measured physical activity using accelerometry and both SAT and VAT volumes and quality assessed by multidetector CT scan in a large community-based sample of middle-aged men and women. We hypothesized that men and women with higher levels of moderate-to-vigorous intensity physical activity (MVPA) would have lower levels of SAT and VAT volumes and further that MVPA performed in bouts of at least 10 minutes would be associated with lower levels of SAT and VAT. Furthermore, we hypothesized that higher levels of MVPA would be associated with improved measures of VAT and SAT quality.
Methods

Study Sample
The excluded from the study were younger and were more likely to be current smokers (See Table S3 for detailed characteristics of the excluded sample). The median time between physical activity assessment and the Multi-detector CT scan was within 1 month (lower quartile À0.03 months, upper quartile 3.9 months). The Institutional Review Board at Boston Medical Center approved this study and all participants provided written informed consent.
Physical Activity by Accelerometry
Physical activity was recorded using an omnidirectional Actical accelerometer (Philips Respironics, Bend, OR) as previously described. 20 Briefly, at the time of their routine research examination participants were asked to wear the Actical device home on a waist-worn belt for 8 days to achieve a full 7 days of wear time. Activity was recorded as "counts" summed over 30-second epochs. Participants were blinded to activity counts while wearing the actical monitor. After return of the actical device, the data was downloaded by clinic staff and processed using Kinesoft software (Kinesoft, Saskatchewan, Canada) that included routine quality control checks. A valid day was defined as a minimum of 10 hours of wear time and accelerometer data files were used for this study if there were a minimum of 5 valid wear days. Accelerometer count thresholds were applied based on previously reported intensity thresholds 21, 22 16 Interclass correlations for inter-reader comparisons were 0.997 for SAT and 0.992 for VAT 23 ; the intra-class correlations were 0.99 for SAT and VAT.
Covariates/Characteristics
At the time of the routine research examination, participants were asked to report their race, education (highest degree of level of school: grades 1 to 8, grades 9 to 11, completed high school, some college but no degree, technical school certificate, associate degree, bachelor's degree, graduate or professional degree), current employment state and current occupation. Height and weight were measured by trained technicians and body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Normal weight was defined as BMI <25 mg/kg 2 , overweight 25 to <30 mg/kg 2 and obese ≥30 mg/kg 2 . A participant was considered a current smoker if he or she reported smoking at least 1 cigarette per day over the year preceding the examination. Participants reported the number of hours per day spent in sleep, sedentary, slight, moderate, and heavy activities to calculate the physical activity index.
Statistical Analysis
As prior work from our group identified sex specific differences in SAT and VAT volume associations 24 all analyses were conducted stratified by sex. Sex specific Pearson correlation coefficients were calculated to assess the correlations between physical activity levels and SAT and VAT volumes and quality measured by Hounsfield units (HU). Separate multivariable linear regression models were used to examine the crosssectional association of each physical activity measure (MVPA, MVPA bouts, met MVPA guidelines, and sedentary time) with adipose tissue volumes and quality (dependent variables). The primary model adjusted for age, education, cohort (Gen 3/ Omni II), race, and actical wear time in minutes per day. The beta estimate gives the average increment in the dependent variable (SAT, VAT, SAT HU, or VAT HU) per 30 minute/day increase in MVPA or sedentary time. The beta estimate for the dependent variable, met the guidelines, gives the average difference in SAT or VAT volume for participants who met the guidelines versus for participants not meeting the guidelines. In secondary analyses of fat volumes we additionally adjusted for VAT volume in models predicting SAT volume. Similarly, we additionally adjusted for SAT volume in models predicting VAT volume. Additionally, these models (those predicting VAT volume) were also (separately) adjusted for BMI. Models predicting VAT volume were also run by BMI category. In models evaluating fat attenuation (quality), we additionally adjusted for fat volume and BMI (separately). Finally we conducted separate models adjusting for waist circumference and waist to height ratio. All analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC). P-values<0.05 were considered statistically significant.
Results
The sample was nearly half women (47%), middle-aged (mean age 52.0 years in women and 49.6 years in men), predominantly white, and well educated (>80% had more than a high school education) ( 
Pearson Correlation Coefficients
MVPA and MVPA bouts were negatively correlated with SAT and VAT volume and positively correlated with SAT and VAT HU in women (all P<0.0001, Table 2 ). Similar associations were observed in men but the magnitude of the correlation was weaker. There was not evidence of a linear relationship between sedentary time and measures of SAT and VAT volume or quality.
Association Between Physical Activity and Fat Volumes
In women, all measures of MVPA were significantly associated with decreased SAT volume (P<0.0001, Table 3 ). The average decrement in SAT per 30 minute/day increase in MVPA was À776 cm 3 (95% CI À1003, À549). Women meeting MVPA guidelines had on average À997 cm 3 (95% CI À1291, À703)
less SAT volume than those not meeting MVPA guidelines. Similar findings were observed for MVPA performed in bouts.
The associations between SAT volume and all measures of MVPA in women were markedly attenuated and no longer significant after adjustment for BMI and after adjustment for VAT volume (data not shown). In men, associations between MVPA and SAT volumes were much smaller and did not reach statistical significance. Sedentary time was not significantly associated with SAT in women or men. All measures of MVPA were significantly associated with decreased VAT volume in women (P<0.0001, Table 3 ). The average decrement in VAT per 30 minute/day increase in MVPA was À453 cm 3 (95% CI À574, À331) and the average decrement in VAT for women meeting MVPA guidelines versus women not meeting guidelines was À579 cm 3 (95% CI À737, À422). Similar associations were observed for MVPA performed in bouts. The associations between MVPA measures and VAT volume were similar in men but the magnitude of the association was less. Among women, associations between MVPA and VAT were attenuated but remained significant upon adjustment for BMI (Table 3) and for SAT volume (data not shown). Adjustment for waist circumference and waist-toheight ratio separately (Table S1 ) provide associations between MVPA and VAT that are similar to those obtained from models adjusting for BMI. Associations between meeting MVPA guidelines and VAT were consistent across all weight categories (normal, overweight, and obese) in men and women (Figure) . There was increased VAT with increasing BMI category with less VAT in those meeting guidelines versus not. Sedentary time was not associated with VAT volume in men or women.
Association Between Physical Activity and Fat Attenuation
MVPA measures were positively associated with SAT HU in women (all P<0.0001) and men (P≤0.01 except met MVPA bout guidelines) ( Table 4) . MVPA was positively associated with SAT HU consistent with less lipid-rich adipose tissue quality. The associations were attenuated but generally remained significant after adjustment for absolute SAT volume and for BMI (separately). Adjustment for waist circumference and waist-to-height ratio are similar to results obtained from models adjusting for BMI (Table S2) . MVPA was also positively associated with VAT HU in both women and Journal of the American Heart Association men however upon adjusted for VAT volume the relation was no longer significant. Similarly meeting MVPA guidelines was positively associated with VAT HU. The association persisted upon adjustment for VAT volume but was attenuated and no longer significant after adjustment for BMI. Sedentary time was not associated with SAT or VAT HU.
Discussion
In our large community-based sample of middle-aged men and women, several important findings regarding the association between physical activity levels and adipose tissue volumes and quality were observed. First, MVPA performed in both bouts and non-bouts was associated with lower SAT and VAT volumes in women. In men, MVPA was associated with lower VAT volumes. The magnitude of the associations between MVPA and the adipose tissue depots were greater in women than men. Second, with respect to fat quality, MVPA was positively associated with SAT attenuation in both women and men. Physical activity intensity levels were not associated with VAT attenuation. Third, sedentary time was not associated with adipose tissue volumes or quality in men or women.
Moderate-to-Vigorous Physical Activity
In a nationally representative sample, objectively measured MVPA with accelerometry was associated with decreased odds of obesity with even small differences in MVPA (5 to 10 minutes/day) associated with large differences in obesity risk. 25 The strength of the association between objectively measured MVPA and lower BMI and smaller waist circumference is stronger for MVPA performed in bouts versus non-bouts likely because bout minutes are performed at a higher intensity level than non-bout minutes. 11 However, for weight gain prevention all physical activity performed at higher intensity is beneficial suggesting that every minute counts. 26 Data examining regional adipose tissue depots and objectively measured MVPA are sparse and suggest physical activity may influence adipose tissue depots differently in men and women. 27 One small weight loss study noted that among men light activity was inversely associated with VAT while in women total active time was inversely associated with VAT. 27 In normal weight Japanese women (n=42), very brief bouts of non-exercise physical activity was associated with lower VAT. 28 Sporadic MVPA was negatively associated with VAT in a sample of inactive men and women. 12 Our study extends this knowledge with a large middle-aged community-based sample demonstrating that MVPA performed in both bouts and non-bouts is associated with decreased VAT in both women and men but with a larger effect in women. Further the association is observed across all BMI categories (normal, overweight, and obese). VAT is a metabolically active fat depot associated with higher levels of metabolic risk factors 24 including insulin resistance. 29 Hence, interventions to decrease VAT may improve metabolic risk. For overweight and obese persons, a moderate amount of aerobic exercise was associated with lower measures of visceral fat and improved measures of insulin resistance. 7 In both men and women in our sample, MVPA is associated positively with SAT quality (higher CT attenuation) even after accounting for SAT volume and BMI. This finding is important because lower CT attenuation of SAT is associated with adverse cardiometabolic risk 16 and all-cause mortality, noncardiovascular disease mortality, and cancer mortality. 18 Therefore, physical activity time and intensity may not only improve adipose tissue volumes but also improve qualitative indices of the fat depots that provide further insights into metabolic risk.
Sedentary Time
There have been global trends demonstrating increasing time spent in sedentary behaviors. 30 Consistent with other population-based samples, the vast majority of accelerometer time in our sample was sedentary (>90% of the sample spent ≥10 hours/day in sedentary time). Using data from NHANES, a nationally representative community-based sample, men and women age 40 to 59 years spent a mean of 509 (SD 124) and 498 (SD 147) minutes/day in sedentary time respectively. 31 This is somewhat less than our sample however sedentary time was defined as <100 counts/minute in that study whereas in our study sedentary time was defined as <200 counts/minute likely resulting in the greater amount of time spent in sedentary behavior in our sample. In older Icelandic men and women 32 and women participating in the Women's Health Study 33 about 10 hours/day on average was spent in sedentary time. Sedentary time has been linked to a number of adverse cardiometabolic health outcomes 34, 35 including increased mortality risk 36 even after accounting for MVPA. The mechanisms driving the health risks associated with sedentary time remain to be determined but may be related in part to associations with regional fat depots. 37 Data are conflicting with respect to the association between sedentary time and VAT. In adult men and women who reported sedentary behavior at baseline and at 6-year follow-up, there was no association between baseline sedentary behavior or change in sedentary behavior and longitudinal change in VAT. 38 One small study suggests a positive association between accelerometer-derived sedentary time and VAT among women only 27 whereas a second small study did not find an association in women or men. 12 In our large community-based sample we did not observe an association between sedentary time and VAT or SAT or measures of adipose tissue quality. To date, it is not clear that accumulation of VAT is a factor linking sedentary behavior to cardiometabolic risk.
Several potential limitations of this study merit comment. Our study was cross-sectional and therefore we cannot infer causality. Our sample was primarily white and thus our findings may not be generalizable to other race/ethnic groups. Given the modest size of the non-white participants we were not able to conduct an investigation in each race/ ethnic group. The accelerometer captures activity and does not distinguish purposeful leisure time physical activity and occupational physical activity. High levels of occupational activity are associated with lower likelihood of being obese. 1 Employment patterns (prevalence of full vs part-time work) and prevalence of manual type of labor differed between men and women in our sample. It is unclear if differences in occupational activity may have contributed to sex differences in the associations detected. Trends in no leisure-time activity have improved in the general population and are not different in men and women. 39 However, the type, duration, and intensity of physical activity may differ between men and women. We did not correct for multiple comparisons as there are correlations among the fat measures, therefore we consider our findings hypothesis generating.
Conclusions
In our large community-based sample of middle-aged men and women, MVPA was associated with lower SAT and VAT volumes in women and lower VAT volume in men. MVPA was also associated with improved SAT quality defined by fat attenuation. Promoting interventions to increase physical activity time and intensity in the community may have a positive impact on the adipose tissue depots associated with the greatest cardiometabolic risk.
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